With Co(OAc) 2 as Co source and hexadecylamine (HDA) as template, cobalt-containing hexagonal mesoporous silicas (Co-HMS) was successfully synthesized by a one-step co-condensation route at ambient temperature. Two different methods (calcination and solvent extraction) were separately utilized to remove the template molecules, and the effects on physical properties and application performance were studied in detail using the characterization of XRD, N 2 adsorption-desorption, TEM, FT-IR, UV-vis diffuse reflectance techniques and catalytic activity measurement, respectively. The results showed that solvent extraction was more favorable for mesoporous structure maintaining. And in the liquid-phase oxidation of hydrocarbons, higher activities were obtained with Co-HMS-E being used.
INTRODUCTION
The synthesis of mesoporous siliceous materials is believed to be one of the most exciting discoveries in the field of material science over the last years. 1 Generally three kinds of interactions are involved in the synthesis process, i.e., electrostatic charge matching, hydrogen bonding and coordinative interaction. 2 Hexagonal mesoporous silicas (HMS), synthesized by a neutral S 0 I 0 assembly pathway that involves hydrogen-bonding interactions between neutral S 0 primary amine surfactants and neutral I 0 inorganic precursors, possesses a much thicker framework wall, smaller domain size with short channels and larger textual mesoporosity than their MCM-41 analogues. 3 These properties enable HMS more attractive in catalytic application because the channel branching within the framework can facilitate access to reactive sites on the framework walls. Furthermore, for HMS, besides the common calcination method, the template can also be easily removed by solvent extraction. 4 Solvent extraction possesses the outstanding advantages of template recovery and environmental friendliness. Moreover, compared with solvent extraction, another obvious disadvantage of calcination is that high temperature may cause framework collapse and then affect the application performance. By far, however, calcination was utilized in most works for its simplicity while solvent extraction was seldom utilized. * Author to whom correspondence should be addressed.
At the same time, there is a lack of understanding of the differences on structural and applied properties that these two methods will engender.
Herein, we present the synthesis of Co-HMS via onestep co-condensation route at ambient temperature and carefully study the effects of template removal methods on its physical properties and catalytic performance.
EXPERIMENTAL DETAILS
Co-HMS was synthesized by the S 0 I 0 assembly pathway at room temperature, using hexadecylamine (HDA) as template, tetraethyl orthosilicate (TEOS) as silicon source, and Co(OAc) 2 · 4H 2 O as Co source, respectively. The molar composition of the gel was as follows: 0.02 Co:1 (TEOS):0.27 (HDA):9 (EtOH):72 (H 2 O). The sample was denoted as Co-HMS-C when organic template was removed from the as-synthesized material by calcination at 823 K for 6 h. And the sample was denoted as Co-HMS-E when organic template was removed from the as-synthesized material by NH 4 NO 3 /ethanol extraction at 351 K. For comparison, a pure siliceous HMS was synthesized without Co(OAc) 2 · 4H 2 O, and the template was removed utilizing solvent extraction method like above.
The X-ray powder diffraction (XRD) patterns were obtained using Rigaku D/Max 3400 powder diffraction system with Cu K radiation ( = 0 1542 nm). Fourier transform infrared (FT-IR) spectra were collected on a Bruker Tensor 27 FT-IR spectrometer in KBr media. The surface area and pore volume were determined by N 2 adsorption-desorption measurements at 77 K on ASAP 2010 micromeritics instrument. Ultraviolet-visible diffuse reflectance spectra (UV-VIS DRS) were collected on Jasco V-550 UV-VIS Spectrophotometer equipped with a diffuse reflectance attachment. The microstructures of the materials were examined by transmission electron microscopy (TEM) on a JEOL JEM-2000EX electron microscope. Catalytic reactions were performed in a 100 ml autoclave reactor with a teflon insert inside. The reaction products were identified by Agilent 6890N GC/5973 MS detector and quantitated by Agilent 4890D GC equipped with OV-1701 column (30 m × 0 25 mm × 0 3 m) and titration. Figure 1 shows the small-angle XRD patterns of HMS, Co-HMS-C and Co-HMS-E. Each sample exhibits a single diffraction peak corresponding to the (100) plane at 2 of 1-3 , typical characteristic of HMS materials. [3] [4] [5] The results indicate that these materials possess mesostructures with the lack of long-range order. The d 100 diffraction peaks of Co-HMS-C and Co-HMS-E shift to the lower angle compared with the pure siliceous HMS, which indicate that a lattice expansion occurred and Co (II) ions were incorporated into the framework of HMS. [5] [6] [7] In addition, compared with Co-HMS-E, the peak of Co-HMS-C turns broaden with a slight shift in 2 angle towards higher value. These results suggest that high temperature in the calcination process might cause the slight collapse of the framework, which led unit-cell contraction and order degree decrease. Transmission electron microscopy (TEM) images (Fig. 2) show that both Co-HMS-C and Co-HMS-E possess the typical wormhole structure of HMS material, but the order degree of Co-HMS-E is better than that of Co-HMS-C. In addition, the surface area and pore volume of Co-HMS-C are much less than those of Co-HMS-E. These results further prove that calcination caused partial framework collapse, which is in accordance with the results of XRD. Shown in Figure 3 are the infrared spectra of the samples. In all cases, the spectra display the absorption bands at 1228, 1070, 798 and 465 cm −1 , which are attributed to a consequence of stretching vibrations of the SiO 4 tetrahedra. 8 For the as-synthesized Co-HMS sample, it displays absorption bands around 2924, 2854 and 1467 cm −1 corresponding to C-H stretching and bending vibrations of the template molecules. Such bands disappear for Co-HMS-C and Co-HMS-E indicating the organic template could be completely removed either by calcinations or by solvent extraction method.
RESULTS AND DISCUSSION
UV-vis DRS was utilized to study the coordination geometry of cobalt incorporated in the materials (Fig. 4) . Both the spectra display three absorption peaks (525, 584 and 650 nm), which can be unambiguously assigned to the 4 A 2 (F) → 4 T 1 (P) transition of Co 2+ ions in tetrahedral environments as identified in previous studies. 9 10 This suggests that the Co 2+ ions in the samples occupy framework positions of the channel walls. Transmittance/a.u.
Wavenumber/cm -1 Fig. 3 . FT-IR spectra of (a) as-synthesized Co-HMS, (b) Co-HMS-C, and (c) Co-HMS-E.
in an octahedral environment. 11 In addition, for the spectrum of Co-HMS-C, there is another wide absorption band detected between 330-450 nm centered at 365 nm. The presence of this band is due to the charge-transfer bands associated with Co 3+ species. 9 This shows that partial Co 2+ ions were oxidized to Co 3+ during calcinations while solvent extraction can not change the valence state of cobalt ions.
In order to study the effect of different physical properties on the materials' application performances, the selective oxidation reactions of various hydrocarbons were carried out. Table I compares the results over these two samples. It can be found that, in all cases, the activities of Co-HMS-E are higher than that of Co-HMS-C. Furthermore, higher ratio of K/A can be obtained with Co-HMS-E being used. Ketone is more valuable than alcohol and it can be produced through the further oxidation of the alcohol. 12 So, the favorable production of ketone is attractive in the practical application, and these results also manifest that Co-HMS-E has a stronger oxidation power.
As was pointed out above, compared with Co-HMS-C, Co-HMS-E owns better mesoporosity, larger surface area and pore volume. Better mesoporosity may provide better transport channels for reactants to the active sites and better diffusion channels for products to move out, while the larger surface area and pore volume may provide more catalytic active sites. These properties are favorable for the high activity and selectivity. Due to the partial collapse of framework during the calcination process, however, when Co-HMS-C was used as catalyst, the transferring of the reactant molecules might be affected and catalytic active sites were reduced with a smaller surface area and pore volume. As a result, the lower activities were obtained.
CONCLUSIONS
Co-incorporated hexagonal mesoporous silicas was synthesized via a one-step co-condensation route at ambient temperature. Materials with different physical properties were obtained when two methods (calcination and solvent extraction) were respectively utilized to remove the template molecules, and they showed different catalytic activities in the selective oxidation of various hydrocarbons. The results showed that solvent extraction was a better method for the removal of template to obtain the better mesoporosity and catalytic activity.
